We present O(α) YFS exponentiated results for wide angle Bhabha scattering at LEP/SLC energies using a new Monte Carlo event generator BHWIDE 1.xx. , we conclude that the total precision of our BHWIDE results is 0.3%(0.5%) in the LEP1/SLC regime within ±100 MeV (+2.75/−2.5 GeV) of the Z peak. For LEP2, the corresponding precision is currently estimated at 1.5%; the latter could be improved if the data in LEP2 so require. Both precision tags represent clear improvements over what is currently available in the literature.
Introduction
As the final LEP1 data analysis begins and the initial stages of LEP2 materialize while the SLD prepares for the beginning of what may be its final phase, the subject of precision calculations of wide angle Bhabha scattering becomes more and more interesting, particularly from the standpoint of realizing such calculations via a Monte Carlo event generator which would allow comparison between theory and experiment at the level of events in the presence of arbitrary detector cuts. Indeed, currently, the work of Beenakker et al. [1] and of Montagna et al. [2] represent the state of the art in the theoretical arena of the prespective calculations, and neither of these approaches has provided a genuine Monte Carlo event generator to allow comparison with arbitrarily cut experimental data. This has had the effect that the important Z physics parameter Γ eē has been extracted from the data using a subtraction of the contamination from the t-channel γ-exchange in the wide angle acceptance relevant to its measurement. A Monte Carlo event generator with sufficient precision would obviate the need for this procedure, for example. Motivated by this and other such Z and LEP2 applications, we have developed an O(α) Yennie-Frautschi-Suura (YFS) [3] exponentiated Monte Carlo event generator for wide angle Bhabha scattering at LEP1/SLC and LEP2 energies. We present this development in what follows.
Specifically, our starting point will be the O(α) YFS exponentiated Monte Carlo (MC) event generator BHLUMI 1.xx developed by two of us (S.J. and B.F.L.W.) in ref. [4] for low angle Bhabha scattering in the SLC/LEP luminosity regime 17 mrad < θ e,ē < 150 mrad, where θ e,ē are the respective e,ē CMS scattering angles. In order to arrive at an event generator valid for wide angles at both LEP1/SLC and at LEP2 to sufficient accuracy, we have had to introduce the effects of the Z exchange graphs into the calculations presented in ref. [4] and we have had to introduce the effects of the pure weak one-loop corrections into those calculations as well. We stress that we have made contact with the pioneering O(α) MC program BABAMC of refs. [5, 6] as well as with the semi-analytical program ALIBABA of ref. [1] in that our pure weak corrections libraries are taken from these two cases: the user of our new wide angle Bhabha MC, BHWIDE 1.xx, may choose which library he uses and we shall discuss both of them in what follows. Our exact hard bremsstrahlung amplitude, in the presence of the full set of s-channel and t-channel γ and Z exchanges, we shall compute explicitly in what follows, using methods of the CALKULtype [7] , as formulated by 1 Xu et al. [9] . It is in this way that we have arrived at our new O(α) YFS exponentiated MC event generator BHWIDE 1.xx which simulates realistic multiple photon radiative effects for wide angle Bhabha scattering in the LEP1/SLC and LEP2 energy regimes.
We have compared our results with those of BABAMC, of the Monte Carlo integrator program SABSPV of ref. [10] , of the semi-analytical program TOPAZ0 of refs. [11, 12] , of ALIBABA, of the MC event generator BHAGENE3 of refs. [13, 14] , of the MC event generator BHAGEN95 of refs. [15, 16, 17, 18] , and of the MC event generator UNIBAB of ref. [19] . On this basis, we have arrived at a reliable estimate of the total precision of our results. The basis of this estimate is presented in detail in ref. [20] and we will review only its main features and the main features of the aforementioned attendant comparisons in what follows.
More precisely, our BHLUMI 1.xx Monte Carlo event generator realizes the process
via the YFS exponentiated cross section formula
where the real infrared functionB and the virtual infrared function B are given in refs. [3, 4, 21, 22, 23] (for definiteness, we record them in the form we shall use presently, as this representation is not readily available in the current literature and is essential for practical applications of the type we pursue here), and where we note the usual connections
for the standard YFS infrared emission factor
if Q f is the electric charge of f in units of the positron charge. Here, the ". . . " represent the remaining terms inS(k) obtained from the one given by respective substitutions of Q f , p 1 , Q f ′ , q 1 with corresponding values for the other pairs of the respective external charged legs according to the YFS prescription in ref. [3] (wherein due attention is taken to obtain the correct relative sign of each of the terms inS(k) according to this latter prescription) and in refs. [24, 25] , f = e, f ′ =f . We have explicitly the representations
with
where ∆ = 2pq + (p 0 − q 0 ) 2 , ω = p 0 + q 0 , δ = p 0 − q 0 , and k m is a soft photon cut-off in the CMS (E sof t γ < k m ≪ E beam ). The YFS hard photon residualsβ i in (2), i = 0, 1, are given in ref. [4] for BH-LUMI 1.xx so that this latter event generator calculates the YFS exponentiated exact O(α) cross section for e + e − → eē + n(γ) with multiple initial, initial-final, and final state radiation using a corresponding Monte Carlo realization of (2) in the low angle regime of the SLC/LEP luminosity monitor acceptance, where the e ± scattering angles θ e ± satisfy 17 mrad < θ e ± < 150 mrad. In the next sections, we use explicit Feynman diagrammatic methods and the results in refs. [1, 5, 6 ] to develop the corresponding Monte Carlo realization of the respective application of (2) to the wide angle scattering regime, θ e ± ≥ 150 mrad, for the Bhabha process e + e − → e + e − + n(γ). We turn first to the implementation of the required wide angle physics effects in the YFS hard photon residualβ 0 through O(α). We follow this discussion with the corresponding analysis for the wide angle physics effects in the hard photon YFS residual β 1 . In this way, we arrive at an exact O(α) YFS exponentiated MC event generator valid for wide angle Bhabha scattering in the LEP1/SLC and LEP2 energy regimes.
2 Born and O(α) contributions toβ 0 for wide angle Bhabha scattering at high energies
In this section we develop the Born and O(α) contributions to the YFS hard photon residualβ 0 for the wide angle Bhabha scattering process. We use the low angle limit of the residual already presented in ref. [4] as a starting point and as a limiting case cross-check. Specifically, the hard photon residualβ 0 is defined as follows through O(α):
where dσ 1−loop /dΩ is the differential cross section for wide angle Bhabha scattering computed through the 1-loop correction and dσ Born /dΩ is the respective Born differential cross section. In ref. [4] , the right-hand side of (8) was computed in the low angle regime. Here, we need to compute (8) in the wide angle scattering regime. We do this as follows. First, we note that the exact expression for the wide angle scattering Born differential cross section in (8) is well-known
where |M 0 | 2 is a spin averaged lowest order matrix element squared, given e.g. in eq. (22) . Secondly, the complete 1-loop corrected wide angle Bhabha scattering differential cross section in (8) is also known and we use two different versions of it in our work, one taken from ref. [5] and one taken from ref. [1] , where it is generally accepted that the latter version, which is the more recent of the two, is in fact the more up-to-date of the two [20] (and hence it is the option which we illustrate in our comparisons in Sect. 4). In our Monte Carlo event generator these two versions for dσ 1−loop /dΩ correspond to two choices for our electroweak library module, one of which the user specifies in his input file [26] . It is this way that we have realized the wide angle Bhabha scattering YFS hard photon residualβ 0 through O(α).
We turn next to the wide angle Bhabha scattering YFS hard photon residualβ 1 . This we do in the following section.
3 The YFS hard photon residualβ 1 for wide angle Bhabha scattering at high energies
In this section we present our determination of the O(α) YFS hard photon residualβ 1 for wide angle Bhabha scattering at high energies. We start with the defining equation forβ 1 . The hard photon residualβ 1 , to O(α), is defined as follows
where dσ B1 /kdkdΩ γ dΩ is the respective O(α) bremsstrahlung differential cross section into the solid angles dΩ γ and dΩ for the photon and positron respectively when the photon energy lies between k and k + dk. Thus, to specifyβ 1 we need to specify the hard bremsstrahlung differential cross section on the RHS of (10). We now turn to this.
Specifically, the hard bremsstrahlung differential cross section required in (10) can be obtained via the standard methods from the corresponding helicity amplitudes M(λ e + , λ e − , λ
− is the incoming (outgoing) fermion helicity and λ γ is the photon helicity. We have
being the spin averaged squared matrix element. The formula (11) is given in the CMS of the incoming beams, where E b is the beam energy. Thus, our determination ofβ 1 will be completely specified when we give our results for M(λ e + , λ e − , λ ′ e + , λ ′ e − , λ γ ). We now turn to this.
More precisely, using the methods of ref. [9] , we get the following representation for the non-vanishing helicity amplitudes:
where our notation is as follows
• Invariants:
• Electroweak couplings:
where
• Spinor functions:
where p, q, r, s denote fermion four-momenta in the massless limit, while k denotes the photon four-momentum, and the * stands for complex conjugation. Spinor products < .. > are defined as
• Propagator factor:
• Specific notation:
The above helicity amplitudes have been obtained in the massless fermion approximation. However, to get a precise description of the photon radiation over the whole phase space (particularly for collinear configurations) the finite fermion masses have to be taken into account. This can be accomplished by adding to the matrix element |M| 2 of eq. (12) the mass correction term [7] 
is the lowest order matrix element. We have also used the results of ref. [7] for the matrix element |M| 2 as a cross check and we have found that the two sets of results are in very good agreement with one another, well below the desired technical precision of 0.01% of our analysis for example. We also note that an equivalent representation of the results in ref. [7] has been given by Kleiss in ref. [27] . On introducing these two sets of results into the formula (10) forβ 1 and implementing the resulting expression into our YFS Monte Carlo program for Bhabha scattering, we arrive at the Monte Carlo event generator BHWIDE 1.00 for wide angle Bhabha scattering at high energies 2 . We will now illustrate the application of BHWIDE 1.00 to LEP1/SLC and LEP2 physics scenarios in the next section.
Results and comparisons
In this section, we present sample Monte Carlo data which we use to compare our predictions from BHWIDE 1.00 to those of related calculations as reported in ref. [20] . We discuss both LEP1/SLC energies and LEP2 energies.
Specifically, for our comparisons we use the same event selection (ES) cuts as defined in ref. [20] Center of mass energies (in GeV) close to Z peak. In the plots cross section σ REF from TOPAZ0 is used as a reference cross section. Cross sections in nb. Two horizontal dotted lines indicate the 0.3% band, for reference.
• Center of mass energies (in GeV) close to Z peak. In the plots cross section σ REF from TOPAZ0 is used as a reference cross section. Cross sections in nb. Two horizontal dotted lines indicate the 0.3% band, for reference.
for the final 'fermion' energy which is the e − (e + ) energy if the there are no photons nearby and which is the e − (e + ) plus the photon energy if the photon is within a cone of half-angle 1 o from the e − (e + ), respectively. For the BARE ES acceptance cuts, we show in fig. 1 figure as energy points 1, 2, . . . , 8, respectively. We see that BHWIDE agrees with the semi-analytical programs, ALIBABA and TOPAZ0, to within a few per mille at the Z peak whereas off the peak BHWIDE remains generally within 1% of the semi-analytical programs. The difference between BHWIDE and the Monte Carlo program BHAGENE3 is also at the few per mille level at the Z peak but it is as much as 2.27% off the peak. The agreement between BHWIDE and BHA-GEN95 is also at the few per mille level at the Z peak; off the peak, two programs remain within 1% of one another, with the better agreement holding for the looser acollinearity cut of 25 o . These results give us a handle on the total precision of BHWIDE in the Z resonance regime, as we discuss presently.
Continuing in this way, we show in fig. 2 the similar type of comparison of the predictions of the programs with the CALO ES. In fig. 2 ALIBABA is no longer applicable (it does not handle the CALO ES) and UNIBAB appears -it was too slow to participate in the BARE ES comparisons. Again, we use TOPAZ0 for the reference cross section and we plot the same ratio (σ A − σ REF )/σ REF for the same 8 energy points as in fig. 1 . At the peak, BHWIDE is within a few per mille of TOPAZ0 and BHAGEN95 and it is within 7 per mille of UNIBAB and BHAGENE3. Off peak, BHWIDE remains within 6 per mille of TOPAZ0 whereas it remains within 0.8% of UNIBAB, within 1.2% of BHAGEN95 and within 1.8% of BHAGENE3; the better agreement with the latter three programs holds for the looser acollinearity cut whereas for TOPAZ0 the situation is reversed. Based on these and related comparisons as described in ref. [20] , including both the results and the physics approximations in the various programs as presented in this last reference, we conclude that, for the CALO ES, within ±100 MeV of the Z peak, the total precision of BHWIDE is 3 per mille and off peak, within +2.5/ − 2.75 GeV thereof, we set this precision at 5 per mille in the LEP1 energy regime. For reference the three per mille band is indicated by the two horizontal dotted lines in figs. 1 and 2. This precision tag should be compared to that for the only other published wide angle Bhabha scattering Monte Carlo event generator in wide use at LEP/SLC, namely BABAMC [6] , whose total precision on pure QED was set at 1% in the Z peak region in refs. [28, 29] . (In practice, ALIBABA and/or TOPAZ0 would be used to determine the non-QED and higher order QED part of the respective cross section.)
Turning next to LEP2 energies, we show in fig. 3 the comparison of the results of the six programs BHAGEN95, BHAGENE3, BHWIDE, SABSPV, TOPAZ0, and UNIBAB in the same format as in figs. 1, 2, using in this figure BHWIDE for the reference cross section σ REF for the three CMS energy points 175, 190, and 205 GeV . We use the CALO ES only here. SASPV and BHAGEN95 are within 2% of BHWIDE for both acollinearity cuts, with SASPV within 1.5% of BHWIDE and with BHAGEN95 maximally at 0.55% above SASPV. TOPAZ0 and UNIBAB deviate from BHWIDE by as much as 1.9% and 2.4% respectively, with the worse agreement holding for the looser (tighter) acollinearity cut, respectively. These deviations are consistent with the leading logarithmic accuracy one expects for these two Z peak optimized codes. Similarly, the deviations between BHWIDE and BHAGENE3 by as much as 3.8% as shown in fig. 3 are also consistent with what one expects from the leading logarithmic Z peak optimized nature of BHAGENE3. On the basis of these and related comparisons, we estimate the total precision of BHWIDE at the LEP2 energies as 1.5%, conservatively. For reference, the 1.5% band is indicated by the two horizontal dotted lines in fig. 3 .
We end this section by noting that, in addition to the comparisons just presented, we have also checked that the pure QED O(α) predictions of BHWIDE are within 0.05% of those of the exact O(α) MC OLDBIS of Ref. [22] -a modernized version of the MC of Ref. [30] . This gives us additional confidence in the technical component of our total precision estimate for BHWIDE 1.00.
Conclusions
In this paper, we have presented a new multiple photon Monte Carlo for wide angle Bhabha scattering at LEP1/SLC and LEP2 energies in which the respective multiple photon effects are realized on an event-by-event basis and in which the infrared singularities are cancelled to all orders in α via YFS exponentiation. This Monte Carlo calculation contains the exact O(α) result and features two choices for the respective pure weak corrections at O(α), that in ref. [1] and that in ref. [5] . It thus corresponds to the exact O(α) YFS exponentiated treatment of wide angle Bhabha scattering.
We have illustrated our new calculation at both LEP1/SLC energies and at LEP2 energies, for two types of event selection, the BARE and CALO selections of ref. [20] , which feature two choices of the acollinearity cut, 10 o and 25 o . In our illustrations, we compared our predictions with those of refs. [1, 10, 12, 14, 18, 19] . We found in general a good agreement of the various calculations, an agreement consistent with the levels of approximations and realms of applicability of the respective codes. In this way, we arrived at the precision tags of 0.3% for BHWIDE at the Z peak and of 1.5% at LEP2 energies. The program is available from the authors at the WWW URL http://enigma.phys.utk.edu/pub/BHWIDE/.
In summary, we have developed a new Monte Carlo event generator for wide angle Bhabha scattering at LEP1/SLC and LEP2 energies in which the infrared singularities are cancelled to all orders in α via YFS exponentiation of the respective multiple photon effects. We look forward with excitement to its application to LEP1/SLC and LEP2 data analyses.
